Introduction
Lichens obtain essential nutrients directly through atmospheric deposition and have evolved highly efficient mechanisms to bioconcentrate trace elements within their tissues [1] . This characteristic has been used for many years in both Europe and North America to monitor the distribution of atmospheric pollutants [2, 3] . With respect to the Four Corners region of the United States, the pattern of trace, minor, and earth abundant elements measured in the epilithic lichen Xanthoparmelia spp. was used to distinguish natural and anthropogenic emissions (agriculture, mining, industrial activities and urban traffic) [4] . This same species was employed by Thomas and Ibrahim to characterize the distribution of plutonium surrounding the Rocky Flats nuclear facility in Colorado [5] .
In this paper the lichen Usnea spp. was evaluated as a potential biomonitor for trace transuranic contamination. Usnea is a widely distributed, yellowish-green fruticose genus of lichen [6] . Occurring within montane regions of Arizona, New Mexico and Colorado, the epiphytic species Usnea arizonica (western bushy beard) typically grows on ponderosa and piñon pine trees [7] . Because this species grows several meters above the ground surface, the proposed actinide measurements may reflect regional atmospheric transport (resuspension) rather than superficial contamination from adjacent soils. Studies of this type could find utility in environmental monitoring programs associated with modern nuclear activities [8] . The present work was undertaken to define background concentrations of 237 Np, 239 Pu, and 240 Pu present in samples of U. arizonica retrieved from remote locations in New Mexico, USA.
Experimental
Usnea Lichen collections The lichen samples were acquired between June 2011 and November 2013 from forested mountainous regions in New Mexico (Table 1) . In general the preferred habitat of U. arizonica occurs above 7500 feet in piñon and ponderosa pine forests. However, a sample was also collected from White Rock, NM where the lower elevation corresponds to a generally hotter and drier climate less favorable to this species. At this site Usnea sp. was located on piñon trees that were partially protected from the sun on the south side of an east/west trending canyon. The dry mass submitted for analysis varied from *8 to 29.5 g. Samples were dried, a dry mass recorded, and then ashed at 550°C to provide from *0.6 to 1.8 g of inorganic residue. The ash was readily dissolved upon repeated fuming with HNO 3 /HF in a Teflon beaker. After evaporating the acid mixture to dryness a stock solution was prepared with 3 M HCl to which was added H 3 BO 3 to scavenge fluoride and to facilitate re-dissolution of insoluble CaF 2 and MgF 2 formed in the HF fuming process. ICP-MS instrumentation and operating conditions Purified samples (vide infra) dissolved in 2 % HNO 3 were analyzed using a Thermo X-series II quadrupole ICP-MS equipped with an ESI APEX IR sample inlet system. This instrumental configuration provides routine measurement sensitivity of *3 9 10 6 cps/ppb ( 238 U). The detector dead time was optimized according to the procedure of Vanhaecke [9] to ensure consistent isotopic ratio measurements. Instrumental mass bias was monitored using the isotopic standards, NBL U500 and CRM 128. The instrumental count rates at mass 237, 239 and 240 amu were measured relative to an internal 242 Pu (NIST SRM 4334G) spike to determine absolute isotopic concentrations and the count rate at mass 238 was monitored to correct for minor interference at mass 239 due to 238 U 1 H. Results were calculated from the average of 8 replicate analyses. Each replicate (peak hopping mode) represents the average count rate for 800 sweeps (30 ms dwell time for all monitored isotopes). Measurement uncertainty is expressed as 1-sigma standard deviation for the 8 replicate analyses. The uncertainty in absolute 239 Pu concentration includes the NIST certified error in 242 Pu spike concentration. Further details of the operating conditions and instrument performance are provided in Table 2 .
Purification procedure To the dissolved sample was added a known quantity of 242 Pu (0.7-1.2 9 10 12 atoms) tracer that was previously prepared from NIST SRM 4334G. A purified 237 Np/Pu sample was prepared for ICP-MS assay by first pre-concentrating the transuranium elements using a LaF 3 precipitation step, followed by anion exchange column chromatography. Details of column preparation, valence adjustment and wash volumes have been previously reported [10] . Minor fractionation of 237 Np and Pu that occurs during the purification process was corrected by measuring the fractionation of an in-house 237 Np/ 242 Pu standard that is analyzed in parallel with the environmental samples [10] . Confidence in the analytical procedure was provided through measurements of acid dissolution blanks and laboratory process blanks that were processed in parallel with the lichen samples. From these data an estimated method detection limit of *5 9 10 6 atoms was established. In addition the procedure was used to analyze aliquots of a stock solution of dissolved NIST SRM 4357 (natural matrix radioactivity standard) for 237 Np, 239 Pu, and 240 Pu isotopes. Aliquots of SRM 4357 containing *0.27 g of dissolved sediment (*1.6 9 10 9 atoms of 239 Pu) were selected for analysis alongside the environmental samples to mimic the concentrations of transuranic isotopes expected in the lichen samples. These quality control results are presented in Table 3 and compare well with previous reports (see [10] and references therein).
Results
The analytical results of this study are summarized in Table 4 . The concentration of 239 Pu measured for each of the Usnea spp. lichen samples is presented in units of atoms per gram of lichen ash. This particular convention 
Discussion
A number of potential source terms have contributed transuranic isotopes to the environment of New Mexico. The most prominent is Global Fallout due to large thermonuclear tests carried out by both the United States and former Soviet Union [11] . An important regional contributor, especially in the northern mountain areas of the state, is fallout from low yield nuclear tests conducted at the Nevada Test Site (NTS) from 1951 to 1962 [12] . In addition, fallout from the Trinity test (July 1945) extends as a relatively faint plume from ground zero (33°40.638 0 N; 106°28.524 0 W) to the northeast [13] . Though not detected in this study, reactor derived plutonium due to the Chernobyl (1986) and Fukushima (2011) accidents is also considered [14] [15] [16] . Each of these sources is characterized by a unique composition that will ultimately define the isotopic pattern measured in a collection of environmental samples.
The 239 Pu concentration range of 3 9 10 7 -2 9 10 9 atoms/g [17] . The median soil concentration for 239 Pu was *3 9 10 8 atoms/g. Compared to these values the concentration of 239 Pu in lichen ash ranged from 2.3 9 10 8 to 2.4 9 10 9 atoms/g. The median concentration from this study was 1.4 9 10 9 atoms/g, suggesting a possible, admittedly subtle, biological enhancement.
The isotopic composition of the Usnea sp. lichen samples are presented in Fig. 1 , compared to the three probable source terms. Global Fallout is the best characterized endmember and is indicated by average 240 Pu/ 239 Pu and 237 Np/ 239 Pu Northern Hemisphere values of 0.180 ± 0.014 and 0.48 ± 0.07, respectively [18] . The isotopic composition of fallout from NTS is more uncertain, not only because of the diversity of experiments [19] , but also due to the particular wind and weather conditions at the time of each test [20] . For the purposes of this comparison, a reasonable NTS signature is approximated by 240 Pu/ 239 Pu and 237 Np/ 239 Pu values of 0.04 and *0.02, where only one significant figure is justified [18] . Recent measurements of an archived trinitite sample provide an approximation for 240 Pu/ 239 Pu and 237 Np/ 239 Pu ratios from Trinity fallout of 0.0235 and 0.0021 [21] . The isotopic composition of the lichen collection forms an approximate mixing line between these fallout end-members. The two samples collected from the summit of Gallinas Peak show the strongest contribution from regional fallout. Indeed, Gallinas Peak lies just 57 miles to the northeast of Trinity ground zero, directly under the fallout plume [13] . While the isotopic results for both lichen samples lie on a mixing line between Global Fallout and Trinity fallout, the fact that their individual isotopic compositions are so different from one another (Table 4) , suggests the heterogeneous/particulate nature of fallout in the environment. The White Rock lichen sample is unusually low in both 237 Np and 240 Pu concentrations probably reflecting a local signature from historic emissions from the nearby Los Alamos National Laboratory [22] .
The eight remaining lichen samples (characterized by 240 Pu/ 239 Pu ratios C0.12) were all collected in remote areas of the state that should not be impacted by local nuclear activities. The isotopic inventory for these samples is considered representative of fallout from both Global and NTS sources. For this group the average 240 Np concentration tends to be depleted relative to 239 Pu. Similar behavior has been reported by Lindahl, et al. for Cladonia stellaris lichens in Sweden [14] . The isotopic composition of the Swedish samples reflects mixing of Global Fallout with contamination from the Chernobyl accident (Fig. 2) . In both the New Mexico and Swedish environments, the 237 Np/ 239 Pu ratio tends to be lower than expected for an idealized mixing line. A potential explanation is related to the slightly greater environmental (aqueous) mobility of Np compared to Pu [23] . Pu for Usnea sp. lichens collected in New Mexico, compared to the isotopic composition of Global Fallout and regional fallout due to testing at the Nevada Test Site (NTS) and the Trinity test top layer will gradually decline over time [24] . The isotopic composition of transuranic elements measured in lichens is most likely to reflect the uppermost layer of soils that are also the most easily eroded and carried by the wind.
The concentration of contaminants within the tissues of Usnea sp. lichens is assumed to be in equilibrium with the environment [1] . The occurrence of transuranic isotopes in modern lichen collections reflects the background concentration of nuclear fallout that is actively moving through wind erosion and atmospheric transport. These processes serve to redistribute and ultimately homogenize one of the most recognizable signatures of the modern era throughout the surface environment of the Earth on very long timescales [25] .
Conclusions
Usnea sp. lichens collected from New Mexico contain transuranic isotopes derived from historic atmospheric nuclear fallout. The concentration of 237 Np, 239 Pu and 240 Pu in lichen ash samples is comparable or slightly elevated compared to regional soils. The isotopic composition of the transuranic contamination reflects mixtures of Global Fallout and regional fallout from the Nevada Test Site (NTS) and from the Trinity test. The fact that contamination is detected in recent lichen collections suggests continuous re-suspension of fallout radionuclides even 50 years after ratification of the Limited Test Ban Treaty. nuclear explosion, the Trinity test, as a source of public radiation exposure. Health Phys 98 ( 
